An austenitic model alloy (316L) and a low alloy steel (A533B) were exposed to constant or fluctuating temperature after electron irradiation to a cumulative damage level of 1 displacement per atom. 316L model alloy was exposed to LWR operating temperature during electron irradiation, and were exposed to a higher temperature at a high heating and cooling rates. The annealing experiment after irradiation to 316L resulted in the change in irradiation-induced microstructure; both the size and the number density of Frank loop and black dots were decreased, while the volume fraction of void was increased. In the case of A533B, the aging experiment after electron irradiation resulted in the shrinkage or the disappearance of black dots and the growth of dislocation loops. It is suggested that during annealing and/or aging at a high temperature the excess vacancies could be provided and flew into each defect feature, resulting in that interstitial type feature could be diminished, while vacancy type increased in volume fraction if exists.
Introduction
Thermal neutron induces cascade damage and defect clusters would form in structure materials of nuclear power plants. It is well known that the irradiation temperature can have a profound impact on the microstructural evolution in materials [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Generally, nucleation of defect clusters is maximized at lower temperatures whereas growth of clusters is maximized at higher temperatures. In case the severe accident or some crucial trouble happens and results in the stop of coolant system in operating nuclear reactor, it is predicted that temperature of reactor core would rise up in a short time and then cooled down rapidly or slowly. These varying temperatures allow the possibility of enhanced nucleation and growth of irradiation induced defects compared to a constant-temperature irradiation. Actually, several previous ion irradiation and low-dose neutron irradiation studies [2] [3] [4] [5] [6] [7] [8] [9] [10] have found that these temperature variations may exert a significant influence on the microstructural evolution, particularly if the temperature transcends the recovery Stage V temperature regime (which corresponds to thermal dissociation of small vacancy clusters). The recovery Stage V occurs at ~325°C in austenitic stainless steel [11] [12] [13] . Void formation was generally enhanced and loop formation suppressed for the preirradiation at low temperatures [2] . One of possible ways to recover the irradiation-induced microstructure could be the thermal aging in appropriate conditions. In fact, previous postirradiation annealing (PIA) experiments have shown the reduction of irradiation hardening [14] . For the PIA experiment, the most important parameter to be considered would be temperature range and annealing time because annealing at high temperatures for irradiated metals can promote void and helium bubble growth [15, 16] . Helium is insoluble in metals and has strong interaction with vacancy, so that upon annealing at high temperature, the radiation induced defects can be removed and helium would form bubbles at locations of low free energy, such as line dislocations and grain boundaries. In 304-type austenitic stainless steel, bubbles become visible (1-4 nm in size) after annealing at 650 o C [15] . PIA had less effect on recovery for BWR conditions due to thermally-sensitization during annealing, but a clear effect on microstructure and hardness for PWR conditions [17] . The PIA experiments were previously performed on 304 [17, 18] and 316 [15, 19] type stainless steels irradiated to moderate doses of 25 dpa and on 316 CW type stainless steel irradiated in a commercial reactor to 80 dpa [20] . In this paper, we are focusing on microstructure change in 316L and A533B, which is used as shroud and pressure vessel in Light Water Reactor (LWR), at the low doses of 1 dpa by electron beam irradiation. The important parameters of microstructure change are the size and the density of loops, cavities, and black dots during irradiation and annealing.
Experimental procedure
The materials used for this study were 316L model austenitic stainless steel and A533B low alloy steel, which is used as shroud and pressure vessel in Light Water Reactor (LWR). Tables 1  and 2 indicate chemical compositions of 316L and A533B, respectively. 316L were arc-melted and rolled down to 0.2 mm in thick. TEM discs of 3 mm in diameter were punched out and solution-annealed at 1080 o C for 20 min in vacuum, followed by electro-polishing for irradiation experiment. Samples were used for electron irradiation experiment on the purpose of in-situ observation of microstructure change. The in-situ electron irradiation experiment was performed for 316L and A533B by a high voltage electron microscope (HVEM), JEM-ARM-1300 (JEOL) operated at 1250 kV at Hokkaido University. The observed beam direction was kept near B≈ [001] . The dose rates were from 1x10 -4 to 1x10 -3 dpa/s. Irradiation was performed in relatively thick regions with low dislocation density to achieve less effect of surface and dislocation on point defect flow to loop. The irradiation conditions were summarized in Table 3 . After in-situ electron irradiation, heat treatment experiments were performed in column of microscope. When the severe accident happened, the average temperature of reactor pressure vessel was estimated about 700 o C in maximum, so that the temperature of annealing experiment was set 700 o C for core material (shroud: 316L) and 500 o C for outside material (pressure vessel: A533B). Histories of heat treatment experiment for 316L and A533B were shown in Figure 1 and 2, respectively.
Results

Microstructural evolution in irradiated 316L during heat treatment
Solution-annealed 316L has less dislocation lines and none of precipitates in matrix. Typical microstructures of electron-irradiated 316L heated up to 700 o C and cooled down to 290 o C are shown in Figure 3 . In this irradiation condition, both interstitials and vacancies can move appreciably. During in-situ electron irradiation to 1 dpa at 290 o C, the formation of faulted dislocation loops (Frank loops), voids, and interstitial type black dots were observed. In Figure 3 , a dark field image obtained by using the streaks in diffraction pattern, which were relrods from Frank loops. Examination of the relrod images allows the estimation of number density and average size of Frank loops to be about 2.8±0.5x10 22 m -3 and 17.2±0.5 nm, respectively. Voids can be observed using the under-focus (white contrast) and over-focus (black contrast) imaging technique as shown in Figure 4 , and black dots were recognized not as edge-on but tiny round feature in bright field image. Irradiation-induced defects in electron-irradiated 316L before and after annealing were summarized in Table 3 . After annealing shown in Fig. 3 , the average size and the number density of Frank loop and black dot were decreased, while the volume fraction of voids seemed to be increased. Table 4 . During aging, the irradiationinduced black dots were shrunk and disappeared, while loops were grown in all the aging conditions. The final number density of loops was one order less than that before aging.
Discussion
Electron irradiation experiment for 316L resulted in the formation of a high number density of Frank loops, voids, and interstitial type black dots. The values of measured size and number density of each feature seemed to be reasonable compared with previous studies [15, [19] [20] [21] [22] . Generally, neutron irradiation to 316L at relatively low temperature produced a high number density (<10 23 m -3 ) of very small defect clusters: black dots and voids (<3 nm). It has been reported [23, 24] that neutron irradiation at 320 o C created both vacancy and interstitial type loops. In this experiment, however, a high density of voids was observed instead of vacancy type loops. During electron irradiation, vacancies and interstitials can be introduced as Frenkel pairs, and the concentration of both defects increase with irradiation time. After the recombination of vacancies and interstitials, interstitial type clusters (black dots and dislocation loop) starts to form in matrix, followed by the formation of vacancy type clusters (voids). In this work, the irradiation and annealing experiments were performed at temperatures both interstitial and vacancy are mobile. Since none of interstitials would be introduced during annealing, only vacancies can move in matrix and flow into sinks, such as surface, grain boundaries, and defect features (black dots, Thermal vacancy concentration c v in metal can be simply calculated using the formula:
where k is the Boltzmann constant, T the annealing temperature, E v F the formation energy of vacancy, and A v the constant (≈1 for metal). According to this formula, the amount of vacancy at 700 o C was calculated to be about 10 16 m -3 , which was eleven orders higher value than that at 290 o C. Those would be provided from grain boundary and thermodynamically unstable small voids, which resulted in the disappearance or shrinkage of voids. However, the calculated amount of thermal vacancy seems to be too less to drastically change the number density and size of defect features, so that more extra vacancies would be provided into irradiation region.
With the assumption that recovery process is driven by diffusion, the iron diffusion length is calculated using the formula:
with t the annealing time and D the iron self-diffusion coefficient (m 2 /s) given by:
where k is the Boltzmann constant, T the annealing temperature and Q the migration energy. With values taken from Busby et al. [14] : Q = 1.29 eV and D 0 = 1.54x10 -6 m 2 /s, the diffusion distance of Fe in a short duration of heating and cooling for ~5 min each was estimated to be about 320 nm, which is sufficient time for defect migration in the irradiated area of TEM sample. The thickness of TEM sample used for in-situ experiment was about 300±10 nm, so that vacancies could be provided from TEM specimen surface. In addition, some vacancies could diffuse into the irradiation region from outside of the region. The annealing experiment resulted in the decrease in number density of black dots, Frank loops, and voids, while the increase in volume fraction of voids, due to the flux of thermal balanced vacancies and vacancies from surface to defect features during heating up to and cooling down process.
In the case of electron-irradiated A533B, irradiation-induced defect features are totally different from that in 316L. As-received A533B includes dislocation lines and precipitates in matrix, which could act as the sink of point defects such as vacancies and interstitials. During electron-irradiation at 80 o C, a high number density of black dots observed in the early stage of irradiation (0.01 dpa). The size of these black dots was too small to be recognized as dislocation loops. While, no voids were observed in matrix. This result has a good agreement with previous study [26] . In this experiment, two different types (small and large) of black dots were experimentally confirmed. It is noted that some black dots were stable and never change their size during irradiation to 1 dpa, while some showed 1D motion. It means that a part of black dots grew and change to dislocation loops with a Burgers vectors b. A MD simulation study [27, 28] reported that small clusters of <100> crowdions, which can be obtained after relaxation of initially created sets of <110> dumbbells, had relatively high stability. Furthermore, in case of larger clusters (more than about 7 SIAs), only two configurations are stable, namely sets of <111> or <100> crowdions, and they may act as nuclei of interstitial dislocation loops with Burgers vectors b equal to (1/2) <111> or <100>, respectively [29] . Aging experiment after electron irradiation resulted in the decrease in number density and the increase in size of black dots, as it were, the shrinkage or disappearance of black dots and the growth of dislocation loops. This phenomenon is quite similar to that observed in 316L. The evolution of defect features during aging would be basically controlled the amount of excess vacancy.
Summary
316L and A533B were exposed to constant or fluctuating temperature after electron irradiation to a cumulative damage level of 1 dpa. The annealing after irradiation to 316L resulted in the change in irradiation-induced microstructure; both the size and the number density of Frank loop and black dots were decreased, while the volume fraction of void was increased. In the case of A533B, two different types of black dots were experimentally confirmed. The aging experiment after electron irradiation resulted in the shrinkage or the disappearance of black dots and the growth of dislocation loops. It is suggested that during annealing and/or aging at a high temperature the excess vacancies could be provided and flew into each defect feature, resulting in that unstable interstitial type feature could be diminished, while vacancy type increased in volume fraction if exists. Table 1 Chemical composition of 316L used in this study. Table 2 Chemical composition of A533B used in this study. Table 3 Summary of irradiation-induced defects (Frank loops, voids, and black dots) in electronirradiated 316L model alloy before and after heat treatment. Table 4 Summary of irradiation-induced interstitial type defect feature (black dots and loops) in electronirradiated A533B before and after heat treatment. Table 1   Table 2   Table 3 e-irradiated 316L Table 4 e-irradiated A533B 
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